The major solute in the cytoplasm of all cells, K ϩ , plays an important role in osmo-regulation. Many bacteria react to hyperosmotic shock by rapidly accumulating K ϩ from the medium, thereby restoring their turgor pressure (1) (2) (3) . For this function, bacteria possess at least three types of K ϩ -uptake systems, Kdp, Trk, and Ktr (2, 4, 5) . These systems are all composed of several types of subunits and mediate a tightly controlled mode of K ϩ transport. The mechanism by which they accomplish this differs from system to system. The activities of the K ϩ -translocating P-type ATPase Kdp and of the K ϩ -transporter Trk are directly influenced by the magnitude of the cell turgor pressure (6) . Trk consists of three types of subunits: TrkE/SapD that binds ATP (7, 8) , TrkA that binds NAD(H) (9) , and TrkG/TrkH which translocates K ϩ across the membrane (2) . The third regulated bacterial K ϩ -uptake system is Ktr (4, 10, 11) . Its activity depends on Na ϩ ions (12) . With only two types of subunits, the KtrAB system from Vibrio alginolyticus (VaKtrAB) 4 has a relatively simple composition. The K ϩ -translocating subunit KtrB is a member of the SKT proteins, which are believed to have evolved from simple K ϩ channels by multiple gene duplications and gene fusions (13, 14) . KtrA is the regulatory subunit. It is a membrane surface protein. KtrA confers velocity, ion specificity, and ion coupling to the Ktr system (15) . Structural work on a NAD ϩ binding N-terminal KtrA fragment from Bacillus subtilis compared with that of an NADH binding N-terminal TrkA fragment from Methanocaldococcus jannaschii has led Roosild et al. (16) to propose that KtrB activity is activated by a conformational switch brought about by the replacement of NAD ϩ by NADH as the ligand bound to KtrA. However, recent data show that ATP rather than nicotinamide nucleotides binds with the highest affinity to the KtrA fragment (K D about 600 nM (17) ). KtrA belongs to the family of KTN proteins, which are closely related to cytoplasmic RCK domains of several types of K ϩ channels (Refs. 18 -21; see supplemental Fig. S1 for an alignment of VaKtrA with that of KTN/RCK domains of known structure). The N-terminal part of these proteins (i.e. ␤ A to ␤ E ; supplemental Fig. S1 ) possesses a Rossmann-fold type of ␤-␣ protein structure, closely similar to that of the NAD ϩ binding domains of NAD ϩ -dependent dehydrogenases (2, 9, (22) (23) (24) . In the N-terminal ␤-␣ domain, the glycine-rich sequence (GXGXXG ⅐ ⅐ ⅐ (D/E)) is important for the binding of the adenosine moiety of NAD(H). However, in several RCK domains glycine residues from this fold are replaced by other amino acids (supplemental Fig. S1 ). The K ϩ channel Mth from Methanobacterium thermoautotrophicum is one of these proteins. It binds Ca 2ϩ , and its activity depends on the presence of this divalent cation (19, 25) . For a second K ϩ channel, Kch from Escherichia coli, it is not known which ligand binds to its RCK domain (18) .
Because of these uncertainties about ligand binding to KTN/ RCK domains and their role in the regulation of both K ϩ transport and K ϩ channel activity, we examined nucleotide binding to the isolated full-length KtrA protein from the bacterium V. alginolyticus. We show that ATP binds with higher affinity than does NAD ϩ or NADH, that ATP promotes complex formation between KtrA and KtrB, and that in vivo VaKtrAB-expressing E. coli cells require ATP and the membrane potential for activity.
EXPERIMENTAL PROCEDURES
Strains, Plasmids, Growth Conditions-The strains and plasmids used in this study are listed in supplemental Table S1 . Plasmid pEL305 contains VaKtrA cloned into the NdeI and BamHI sites of plasmid pET16b (Novagen, Schwalbach, Ts, Germany). It encodes KtrA with the 21-amino acid N-terminal extension MGHHHHHHHHHHSSGHIEGRH (His 10 -KtrA). Plasmid pKT84 (4) contains VaKtrAB cloned into vector pHG165 (26) . Plasmids pMW130stop to pMW180stop were generated by PCR using the QuikChange site-directed mutagenesis kit from Stratagene, La Jolla, CA. They contain a stop codon at positions 130 to 180 of KtrA in plasmid pKT84, respectively. Plasmid pEL903 encodes VaKtrB-His 6 under the control of the p ara promoter of plasmid pBAD18 (27) . Plasmidcontaining cells of strains LB2003 and LB692 were grown at 37°C under aerobic conditions in minimal medium K30 (28) containing in addition 1 mg/liter thiamine, 40 mg/liter methionine (only strain LB2003), 100 mg/liter carbenicillin, and 10 mM glucose. For overproduction of His 10 -KtrA, plasmid pEL305-containing cells of strain BL21(DE3)pLysS (29) were grown at 30°C under aerobic conditions in KML medium containing 10 g/liter KCl, 10 g/liter Tryptone, 5 g/liter yeast extract, 100 mg/liter ampicillin, and 34 mg/liter chloramphenicol. For production of KtrB-His 6 , cells of strain Rosetta TM 2(DE3)/ pEL903 were grown as described in Tholema et al. (15) .
Complementation of K ϩ Transport by Growth Measurements; Net K ϩ -uptake Activity-These assays were done as described previously (12, 15, 28) .
Detection of C-terminal-truncated KtrA in a Minicell System-Plasmid pMWstop-encoded, C-terminal-truncated KtrA proteins labeled with [ 35 S]methionine were detected in minicells of E. coli DK6 (30) as described in Nakamura et al. (31) .
Experiments on Energy Coupling of VaKtr-Cells of strain LB692/pKT84 were depleted of ATP and K ϩ by incubation with 2,4-dinitrophenol as described in Harms et al. (8) . For the transport assays cells were preincubated for 30 min at 20°C with 10 mM glucose, 20 mM disodium succinate or without substrate. Transport was initiated by the addition at t ϭ 0 of 1 mM KCl, 2 M [ 14 C]glutamine (40 nCi/ml), or 4 M [ 14 C]proline (100 nCi/ml) to the cell suspension. If present, 2,4-dinitrophenyl was added at t ϭ Ϫ5 min. Uptake of K ϩ or radioactive compounds by the cells was measured as a function of time, as described in Harms et al. (8) . The ATP content of these cells was determined by the method of Kimmich et al. (32) .
Overproduction and Purification of His
10 -KtrA-Overnight grown cells of E. coli BL21 (DE3)pLysS/pEL305 were transferred at an OD 578 value of about 0.05 to 4 1-liter portions of fresh KML medium and grown at 30°C. 1 mM isopropyl 1-thio-␤-D-galactopyranoside was added at OD 578 of 0.25-0.3. After a further 20 min the cultures received 0.1 g/liter rifampicin. The cultures were shaken for an additional 2 h. Subsequently the cells were harvested by centrifugation at 10,000 ϫ g. The cell pellets from 1 liter of cell culture were suspended in 18 ml of buffer A, subsequently frozen with liquid nitrogen, and stored at Ϫ80°C. Buffer A contained 300 mM NaCl, 1 mM EDTA, and 50 mM Tris-HCl, pH 8.0.
For cell fractionation 18 ml of cell suspension in buffer A plus 180 l of protease inhibitor mixture P8849 (Sigma/Aldrich) were sonicated 5 times for 30 s each (50% duty cycle) with maximal output from the large tip of a Branson Sonifer (Branson, Heusenstamm, Germany). Cell debris and the membrane fraction were removed by subsequent centrifugation steps at 28,000 ϫ g for 15 min and 350,000 ϫ g for 30 min, respectively. The supernatant of the latter (cell fraction of soluble proteins) was stored in liquid nitrogen. Antibodies-Rabbit polyclonal antibodies against purified VaKtrA were produced by Charles Rivers, Kisslegg, Germany. Monoclonal anti-penta-His antibody was purchased from Qiagen, Hilden, Germany.
Overlay Experiment-VaKtrB-His 6 -containing membranes from strain Rosetta2(DE3)/pEL903 were prepared as described in Tholema et al. (15) . Proteins from this fraction were separated by SDSPAGE and transferred to a nitrocellulose sheet where they were stained with Ponceau Red. Separate protein lanes were cut out from the sheet. After removal of the stain and treatment with 3% of the blocking agent bovine serum albumin, these lanes were incubated with purified VaKtrA in the absence or presence of nucleotides at the concentration specified in the legend to Fig. 5 . KtrA was detected with its specific antibody used at a 1:300,000 dilution followed by horseradish peroxidase-conjugated secondary antibodies (1:1000 dilution) and visualization with 4-nitro-blue-tetrazolium chloride/5-bromo4-chloro-3-indolylphosphate according to the recommendations of the supplier (Roche Diagnostics). In parallel, VaKtrB-His 6 in the protein lane was detected with the monoclonal anti-pentaHis antibody.
Binding of Solubilized VaKtrB-His 6 to Ni 2ϩ -agaroseVaKtrB-His 6 was solubilized from membranes of strain Rosetta2(DE3)/pEL903 as described in Tholema et al. (15) , except that membranes were present at 20 mg/ml and that the detergent n-dodecyl ␤-D-maltoside was present at 1.3% (w/v). Solubilized His-tagged protein was bound to Ni 10 -KtrA on a molar basis were determined according to the method of Scatchard (35) . For this calculation the molar concentration of His 10 -VaKtrA was determined spectroscopically using a ⑀ 280 value of 5,600 M Ϫ1 ⅐cm Ϫ1 , calculated from the contributions at that wavelength of the one tryptophan and five tyrosine residues per VaKtrA molecule (4) . Binding constants for nucleotides other than ATP were determined by first binding a small amount of radioactive ATP to His 10 -VaKtrA and then gradually releasing the radioactivity by adding increasing concentrations of the second nucleotide. For this calculation it was assumed that the K D value for ATP was 9 M and that KtrA possesses a single nucleotide binding site.
ATPase Activity of His 10 -KtrA-This activity was measured in a flow system as described in Arnold et al. (36) .
RESULTS
Overproduction and Purification-VaktrA was cloned into the NdeI and BamHI sites of the expression plasmid pET16b, giving plasmid pEL305. This plasmid encodes VaKtrA with a 21-residue N-terminal extension of 10 histidine residues followed by a factor Xa proteolytic cleavage site (His 10 -VaKtrA). Overproduction of His 10 -VaKtrA in strain BL21(DE3)pLysS/ pEL305 gave good yields of the protein in both the cell membrane and soluble protein fractions. From the latter, His 10 -VaKtrA was isolated by affinity chromatography on nickel-agarose (Fig. 1A) . The yield was about 250 mg of His 10 -VaKtrA/l cell culture, and the preparation had a purity of at least 95% (Fig. 1A, elution 3 and 4) (Fig. 3D) , confirming that NAD ϩ does not bind with high affinity to His 10 -VaKtrA. By contrast, both AMP and NADH and a number of other nucleotides released some radioactivity from VaKtrA (Fig. 3 , panels E and F, and results not shown). From these data we determined K D (K i ) values for the different nucleotides according to the method described in the "Experimental Procedures" (Table 1) . We conclude that the order of affinity of binding to His (Fig. 4D, peptides  3 and 4) . They did not occur after His 10 -VaKtrA digestion in the absence or presence of the nucleotides NAD ϩ , NADH, ADP, AMP, CTP, or FAD (Fig. 4 and results not shown). The N terminus of peptide 3 was blocked. That of peptide 4 started with residue Val 140 , located within putative helix ␣G of the subunit-interaction domain (supplemental Fig. S1 ). Similar trypsin-digestion patterns were obtained with VaKtrA from which the His tag had been cleaved off previously with factor Xa (results not shown). From these data we conclude that ATP binding induces a conformational change in KtrA.
VaKtrA Lacks ATPase ActivityBecause VaKtrA binds ATP so avidly (Fig. 3) , we tested whether the protein hydrolyzes ATP (36) . Both in the absence and presence of divalent cations we failed to detect any ATPase activity (data not shown). The detection limit in this test was an activity of 0.4 nmol of ATP hydrolyzed⅐min Ϫ1 ⅐mg Ϫ1 of His 10 -VaKtrA.
ATP Promotes the Binding of KtrA to VaKtrB-His
6 -It was then investigated whether ATP affects the formation of the KtrAB complex. In a first experiment we used the overlay technique. Proteins from membranes containing overproduced VaKtrB-His 6 (15) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. On this membrane we detected the protein with a monoclonal penta-His antibody (Fig. 5, lanes 2 and  4) . Subsequently, a VaKtrB-His 6 -containing gel strip was incubated with VaKtrA from which its His 10 tag had been removed. Binding of VaKtrA to VaKtrB-His 6 was detected with a polyclonal anti-VaKtrA antiserum. In the absence of ATP some KtrA bound to VaKtrB-His 6 (Fig. 5, lane 5) . However, this binding was substantially enhanced by low concentrations of ATP (see Fig. 7, lanes 6 -9) . Comparison with the data from Fig. 3 showed that ATP stimulated binding of KtrA to KtrB with an affinity similar to that for binding of ATP to KtrA (Fig. 5A) -agarose. After washing away contaminating proteins with low imidazole concentrations, the Ni 2ϩ -agarose-VaKtrB-His 6 complex was incubated with VaKtrA in the presence or absence of 100 M ATP (Fig. 6) . Subsequently, non-bound VaKtrA was washed away, and VaKtrB-His 6 was eluted with 100 -250 M imidazole. The presence of VaKtrB-His 6 and VaKtrA in the eluate was detected with the same antibodies as in the experiment of Fig. 5 . Whereas in the absence of ATP little VaKtrA co-eluted with VaKtrB-His 6 (Fig. 6, lanes 1 and 2) , in its presence a considerable amount of VaKtrA-VaKtrB-His 6 complex was obtained from the column (Fig. 6, lanes 3 and 4) , demonstrating again that ATP promotes complex formation between the two VaKtr proteins.
VaKtrAB Requires ATP and a High Membrane Potential for in Vivo Activity in E. coli-It was then examined whether VaKtrAB requires ATP for activity in vivo. We have established that plasmid-encoded Ktr activity measurements can be done in E. coli (4, 12, 15, 37) . By using an E. coli ⌬atpBEFHAGDC strain, effects on transport of a high membrane potential (⌬⌿, as the main component of the proton motive force) and ATP can be distinguished from each other (8, 38, 39) . The experiments were done with strain LB692, which combines the ⌬atp trait with the feature that it possesses a very low K ϩ transport activity because its intrinsic K ϩ -uptake systems Kdp, Trk H , Trk G , and Kup are inactive (8). First we examined the effect of the protonophore 2,4-dinitrophenol on VaKtrAB activity. At increasing concentrations it decreased the K ϩ transport activity to a low value under conditions at which the ATP level in the cells remained high (Fig. 7) , indicating that ATP alone is not the energy source for K ϩ transport via KtrA. The presence of 1 mM 2,4-dinitrophenol increased the ATP concentration in the cells of the ⌬atp strain (Fig. 7B) , presumably because uncontrolled respiration stimulates glycolysis and thereby ATP synthesis in these cells (40) . Further experiments were done at this 2,4-dinitrophenol concentration.
In these experiments we compared the activity of three transport systems under conditions at which previously starved ⌬atp cells developed a high membrane potential and a high ATP level (substrate glucose), only a high ATP level (glucose plus 1 mM The K D value for ATP binding was determined by flow dialysis of ␥-͓ 32 P͔ATP in the presence of VaKtrA (see Fig. 3, panels A and B) . The K D values of the other nucleotides are the values of free nucleotide concentration at which the concentration of the enzyme-nucleotide complex equals the free enzyme concentration (see "Experimental Procedures"). For NAD ϩ and GTP, the K D values were so high that they could not be determined accurately. 2,4-dinitrophenol), only a high membrane potential (substrate succinate), or neither of the two (no substrate added). In parallel, we measured the ATP level in these cells (Fig. 8) . The transport systems examined were VaKtr (Fig. 8, panels A and D) , glutamine uptake, which is known to require ATP alone (Ref. 38 and Fig. 8, panels B and E) , and proline uptake via the Na ϩ / proline symporter, which requires the membrane potential and not ATP (Refs. 38 and 41 and Fig. 8, panels C and F) . VaKtr was only active in the presence of glucose (Fig. 8A) . By contrast, proline uptake occurred both in the presence of glucose and succinate (Fig. 8B) . Furthermore, glutamine uptake occurred with glucose both in the presence and absence of 2,4-dinitrophenol (Fig. 8C) . Together with the results from the ATP measurements (Fig. 8, D-F) , these data indicate that VaKtr requires both ATP and a high membrane potential for activity. They also support the notion that the uptake of glutamine requires only ATP, and that of proline requires only a membrane potential (Fig. 8) .
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C-terminal Deletions in VaKtrA-Because several crystal structures have been reported for KTN proteins of which about 75 C-terminal amino acid residues had been deleted (16, 17) , we addressed the question how C-terminal truncation of KtrA affects the activity of the transport process. For this purpose we engineered stop codons at a distance of 41-101 codons from the 3Ј-end of the 220-codon VaktrA gene in plasmid pKT84, which encodes the complete VaKtrAB system. These plasmids were brought into E. coli LB2003 (42) , which lacks all E. coli K ϩ -uptake systems. Because of this defect this strain grows only in minimal medium with a K ϩ concentration Ն20 mM. Plasmid The additions were 10 mM glucose at t ϭ Ϫ30 min, 2,4-dinitrophenol at t ϭ Ϫ5 min, 1 mM KCl at t ϭ 0. E, control; F, Ⅺ, and f, 0.5, 1, and 2 mM 2,4-dinitrophenol, respectively. wt, wild type.
pKT84 enables strain LB2003 to take up K ϩ via the heterologous VaKtrAB system, leading to growth of this strain at Ն0.1 mM K ϩ (Fig. 9A, first line) . The deletion of 41 amino acids from the C terminus of KtrA was still tolerated. A 10-residue larger C-terminal deletion led to partial complementation activity (plasmid pMW2, encoding a 169-residue KtrA). Smaller VaKtrA fragments were completely inactive (plasmids pMW3 to pMW8, encoding KtrA fragments with Յ164 residues, respectively). Net K ϩ -uptake experiments with K ϩ -depleted cells of these strains confirmed this result (data not shown). This lack of K ϩ transport activity with KtrA fragments was not due to altered KtrA expression, since in a minicell system all plasmid-encoded C-terminal-truncated KtrA proteins were made in approximately equal amounts (Fig. 9B) . We conclude that KtrA requires at least parts of its C-terminal peripheral domain for activity (see supplemental Fig. S1 for the domain assignment of KTN/RCK proteins) and that the structure determinations in (16, 17) may have been done with a biologically inactive KtrA fragment.
DISCUSSION
By binding small ligands, KTN/RCK domains/subunits are thought to regulate the activity of both K ϩ channels and K ϩ transporters (16 -20) . Different types of ligands may regulate different classes of KTN/RCK proteins despite of the fact that the structures of the ligand binding domains of these proteins are virtually identical (supplemental Fig. S2 ). The K ϩ channel MthK binds Ca 2ϩ to its RCK domain, and that channel activity is activated by this divalent cation (19, 25) . However, the MthK residues involved in Ca 2ϩ binding are not conserved in other KTN/RCK domains (supplemental Fig. S1 ), suggest- (Figs. 2 and 3 ). We also established that only parts of the C-terminal flexible domain of VaKtrA can be deleted with retention of function (Fig. 9) . Therefore, we did our binding studies with the complete VaKtrA protein rather than with KTN protein fragments as in Roosild et al. (16) and Albright et al. (17) . In accordance with (17) , NAD ϩ bound with only low affinity to isolated His 10 -VaKtrA (Figs. 2 and 3) , and more importantly, nonradioactive ATP prevented [ 32 P]NAD ϩ binding much better than did either nonradioactive NAD ϩ or NADH (Fig. 2) . The flow-dialysis assay showed directly that [ 32 P]ATP binds with high affinity to His 10 -VaKtrA (K D of 9 M; Fig. 3, panels A and B) . Because high affinity ligand binding to KtrA does not necessarily reflect the situation of ligand binding to the KtrAB complex, we tested whether ATP has a function in the formation of a KtrAB complex. Unlike other nucleotides, 10 -100 M ATP promoted the formation of this complex, and with these experiments we confirmed the existence of a KtrAB complex (Figs. 5 and 6; Ref. 17 ). Finally we established that K ϩ uptake via VaKtr requires ATP besides a high membrane potential when tested in an E. coli ⌬atp strain (Figs. 7 and 8) .
The ligand-mediated conformational switch model is attractive for explaining the mechanism of K ϩ transport via the Ktr system (16). However, both the data of (17) and our results require its refinement in that ATP rather than NAD ϩ /NADH is the regulating ligand. Our trypsin digestion results support the notion that upon binding ATP causes a conformational change in KtrA (Fig.  4) . Under this condition a new peptide appears (peptide 4 in Fig. 4 , panel D) of which its N terminus is located within putative helix ␣G of KtrA (supplemental Fig. S1 ). This helix forms part of the flexible subunit interaction domain of KtrA, of which Roosild et al. (16) have proposed that upon ligand binding to the N-terminal ligand binding domain of KtrA, it changes its angle with the N-ter- (Table 1) . With respect to adenine nucleotides the major difference between growing and starving bacterial cells is their difference in ATP/AMP ratio, which is high in the former and low in the latter type of cells (43) . For the VaKtrAB system an adenine nucleotide-mediated molecular switch mechanism could function as follows; in growing cells with a high ATP/AMP ratio, ATP activates the system by binding to the KtrA subunit, and in starving cells with a low ATP/AMP ratio, AMP replaces ATP on KtrA and thereby inactivates the system. Such a mechanism would prevent K ϩ efflux via Ktr under starvation conditions.
Figs. 5 and 6 document that the actual role of ATP in the regulation of the Ktr system may lie in the promotion of the formation of the KtrAB complex. It could be that because of a lack of ATP binding in starving cells, KtrA dissociates from the membrane and thereby decreases the activity of VaKtrB to the very low value observed for this protein alone (15) . This situation would parallel that of V-type ATPases, for which it known that the peripheral V 1 complex easily dissociates from the V o complex in the membrane (44, 45) and that the presence of ATP prevents this dissociation. 5 In addition, MgATP promotes the formation of a F 1 ␣␤␥ complex from the single subunits (46) . Clearly, more work is needed to elucidate the mechanism by which ATP binding regulates the Ktr system.
Our results differ from those in Albright et al. (17) in that the affinity of ATP for binding to KtrA varies by a factor of more than 100. The cause of this difference may be severalfold, including species specificity (KtrA from B. subtilis (17) and V. alginolyticus (our work)), the use of a KtrA fragment (17) or the complete protein (our work), and the application of different techniques for measuring ATP binding (ATP␥S-BODIPY fluorescence (17) versus flow dialysis (our work).
Bacteria are known to contain cytoplasmic ATP concentrations of up to 5 mM (e.g. Ref. 47 ). Hence, it appears amazing that the K D value for ATP binding to a KtrA fragment was with 600 nM (17) and 9 M VaKtrA (Fig. 3 (49) . It is also possible that the affinity for ATP binding to KtrA in the KtrAB complex is lower than that to KtrA alone. Finally, our data seem to exclude that the Ktr system functions as a K ϩ -translocating ATPase, since first, VaKtrA failed to show any ATPase activity (results not shown), and second, in intact cells the presence of ATP alone did not lead to Ktr activity (Figs. 7 and 8 ).
